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FOREWORD i

Under Contract No. DAHC-04-69-C-0020 between IIT
Research Institute and the U. S. Army Research Office-Durham,
IXTRI has performed a study of the air blast produced by
sequentially detonated high explosive charges. This is the
final report on the study conducted during the period
October 18, 1968 to July 18, 1969.

The study was performed for the Armed Services Explo- i
sives Safety Board under the supervision of Col. B. B. Abrams,
Chairman, and Mr. R. G. Perkins, Safety Engineer. Several
IITRI staff members in addition to the author contributed
significantly to this work. T. V. Eichler and C. A. Kot
devised the numerical methods and performed the computer
programming. Mrs. H. S. Napadensky designed the test
series and assisted in interpretation of the experimental I
data. D. J. Hrdina, J. E. Daley, and R. P. Joyce carried
out the tests.

Respectfully submitted,
lIT RESEARCH INSTITUTE

T. A. d~er, Science Advisor
Engineering Mechanics Division I
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ABSTRACT

Thia ryport describn e a study of tho air blast producod
by sequentially detonated high vxplosivo charges. Critoria
are establishod relating the coalescence of successive blast
waves to explosion time delay, charge weight, and distance from
the explosion site.

A finite-difference technique based on the method of
characteristics was used to determine numerically the pressure
fields produced by spherical, charges with various time delays
between successive detonations. Small-scale experiments were
conducted with hemispherical explosive charges totaling 2 lb
in weight detonated on a rigid surface. Transient pressures
were observed at six stations on each of two gage lines.

Comparisons are made between the peak pressures and
pulse separations predicted numerically and those obtained
experimentally. The results are useful in developing recom-
mendations for siting of structures adjacent to multiple-unit
explosive stores.
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BLAST PRESSURES FROM SEQUENTIAL EXPLOSIONS

1 . INTRODUCTION

Regulations governing separation distances between
multiple-unit explosive stores and other structures such as
inhabited buildings or explosive processing facilities cur-
rently permit the designer to base the separation distance
on the quantity of explosive in a single bay of the multiple-
unit store. This is permitted as long as the storage units
(or bays in the case of a multiple-unit processing facility)
are separated by dividing walls that are considered substantial
within the definition of the regulations.l*

This practice does not require that the dividing wall
prevent explosion propagation from one storage unit or bay to
another. It presumes, however, that propagation is delayed
sufficiently long so that the blast and missile hazard from
explosion of the contents of a single bay controls the place-
ment of adjacent structures. In other words, sequential explo-
sions, if they occur, are assumed to be spaced sufficiently
far apart timewise that adjacent buildings are subjected at
worst to the effects of the individual explosions successively,
and that these effects do not mutually reinforce.

1.1 Problem Background

It is well known that secondary shock waves following
an initial shock in air tend to overtake the initial shock.
This has been observed experimentally in simple systems such
as shock tubes, and the reasons for the overtaking phenomenon
are rather well understood in a qualitative sense. Briefly,
a shock of finite amplitude will heat the gas through which
it passes because the gas is compressed adiabatically, that is,
without heat transfer during shock passage. The shock also sets
in motion the initially undisturbed gas. The sound speed in
gases is an increasing function of the temperature, so that
signals following a shock of finite amplitude are propagating
in a moving, more dense medium of higher signal speed than the
undisturbed gas. Therefore such signals will overtake and
reinforce the initial shock. It is only in the case of waves
of infinitesimal amplitude (acoustic waves) that this nonlinear
effect is absent.

The shock wave formed by any single mass of high explo-
sive in free air becomes well defined and perfectly spherical
at some distance (a few charge radii) from the explosive. The
homogeneity of the material and the details of the initiation

-Superscript numerals designate appended references.
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become unimportant at these distances because of the tendency
of secondary shocks and other blast pulse irregularities to
overtake the front of the pulse and form a clean shock followed
by a relatively smooth expansion or pressure decay.

This means that, for some range of delay time between
two adjacent sequential explosions, the effect at a distance
from the explosions will be substantially the same as that
from a single detonation of the total mass of explosive involved
in the two explosions. It is also clear that there will exist
some sufficiently long time delay between explosions such that
coalescence of the successive blasts does not occur, but this
will depend on the distance of the observation point from the
site of the explosions.

It has been found in small-scale experiments 2 and in
full-scale tests 3 that at inhabited-building distances, blast-
wave coalescence occurs for delay times well in excess of that
normally associated with explosion propagation between adjacent
stores (by fragment initiation, for example). Structural dam-
age sustained from two 5000-lb charges with a 20-msec time
delay, at the inhabited-building distance for a barricaded
10,000-lb charge (865 ft), was not significantly different from
that resulting from a single explosion of 10,000 lb.

Existing quantity-distance regulations are therefore
unconservative with regard to the consideration of sequential
explosions of adjacent stores. The goal of the present work is
to provide the facilities designer with a tehnically sound basis
for deciding when credit can be taken for the nonsimultaneous
explosion of more than one explosive store, and when it cannot.

1.2 Study Objectives

The present study consists of a program of numerical
dnalysis of sequential explosions designed to determine quanti-
tatively the time separation of blast pulses from successive
explosions as a function of distance from the explosion site,
time delay between detonations, and charge weights of the
explosions. The results of small-scale experiments with sequen-
tially detonated explosive charges used to support and verify
theoretical predicti.uns of the blast-wave coalescence phenomenon.

The specific objectives of the study are to:

I. Determine for sequential spherical explosions the
time separation of successive blast pulses as a function of
range, charge weights, and time delay between detonations.

2. Investigate the early-time details of explosion
product gas expansion to determine an appropriate model for the
initial formation of the air shock.

2



3. Conduct supporting small-scale experiments to val-
idate the numerically determined coalescence criteria forspherical explosions.

4. Make recommendations for supplementing existing
"quantity-distance regulations to account adequately for the
effects of sequential explosions in the design of explosive
storage and processing facilities.

In the following sections of this report we suumarize
the theory of unsteady compressible flow with explosion-
produced shocks and we describe numerical methods for solution
of these problems. Pressure and velocity fields in the deto-
nation product gases are obtained at early times after central
point initiation of a solid explosive sphere. The results of
computations of the far-field air blast from successive spher-
icaM explosions are presented. The results of experiments
with sequential explosions of hemispherical charges totaling
2 lb in weight detonated in free air on a level ground surface
are given. Recommendations are made for criteria to supple-
ment existing regulations in regard to multiple explosive
stores.

3



2. EXPLOSION GASDYNAMICS

The flow of compressible fluids is governed by partial
differential equations which express the conservation of mass,
momentum, and energ, with an equation of state relating the
thermodynamic variables. These equations, together with the
necessary initial values and boundary conditions, determine
the solution and in principle may be integrated to give the
flow at later times. Because of the nonlinearity of the equa-
tions discontinuities (i.e., shock waves) may develop in an
initially continuous flow. In gas flows set up by the sudden
energy release of an explosion, a shock wave is in fact present
initially. Analytic solution of such problems is possible in
only a very few elementary cases, and one must resort to numer-
ical techniques to obtain results in these problems.

2.1 Theoretical Background

We will consider spatially coincident, sequentially
detonated spherical explosions. The idealization represented
by assuming spatial coincidence of spherical explosions is per-
missible because the initial separation distance between
sequentially detonated charges will generally be quite small
compared with distances at which coalescence phenomena are of 3
interest. For example, in recently reported simultaneity tests
the 24.5-ft center-to-center distance between two 5000-lb charges
is les than three percent of the inhabited building distance
(40 W 3 ) for barricaded stores based on W = 10,000 lb. With
this idealization, the number of independent spatial variables
is reduced to one.

In this section, we summarize the governing equations
and properties of one-dimensional inviscid compressible flows
with plane, cylindrical, or spherical symmetry. The so-called
characteristic form of the equations leads to the formulation
of a numerical solution method for these problems.

2.1.1 Governing Equations

The equations of compressible fluid motion express the
conservation of mass, momentum and energy. Transport effects
such as viscosity and heat conduction are neglected; that is,
the fluid is assumed to be frictionless and nonconducting.
With these assumptions, the entropy of each element of the
fluid remains constant until it is traversed by a shock wave.
Such flows are termed adiabatic. If the entropy of all fluid
elements is the same the flow is termed isentropic. Explosion-
induced flows can be treated as adiabatic. They are generally

4



ii11il.muitropic, however, eince shocks will vary in strength in
travursing fluid elementa as time progresses.

We consider flows with plane, cylindrical, or spherical
%mimntry, which depend on only one space coordinate r and on
t a time t. The continuity equation is

Tr+ u + r + r0 (2. )

where 1 and u are the density and particle velocity and the
diveroanco factor v has the values 0, 1, or 2 for plane, cyl-
indrical, or spherical flow. The momenttun equation is

)u + u ) l 0  (2.2)

in all cases where p is the pressure. Along particle paths
given by dr/At - u, isentropic conditions hold and the energy
equation takes the form

S+ u 7- + p 0 u = 0  (2 .3)

where e is internal energy per unit mass. The pressure, den-
sity, and internal energy are related through an equation of
state which can be put in the form

p - f(Pe) (2.4)

Finally, the sound speed c is obtained from its definition

C -2 =5e •['e (2.5)

where s is the entropy. The sound speed can always be cal-
culated from the right member of Equation (2.5) when the
equation of state is in the form of Equation (2.4).

Solution of the foregoing equations in any particular
case depends on suitable initial and boundary data prescribed
on lines in the plane of independent variables r and t. On

5
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I
an initial data line values of p, e, and u are prescribed,
Regions of the solution in the r t plane may be separated by
interfaces between different fluids (e.g.t detonation
products and air) or by shock waves, At an interface p and
u are continuous. At a shock, the jump conditions which express
conservation of mass, momentum, and energy across the dis- I
continuity are applicable. Let subscripts o and s denote the
states to either side of a shock moving with velocity U. A
suitable form of the jump conditions for our purposes is f

S P O P s

U - s " o(2.7)

eS-eo0  (ps+Po) (0 - 1) (2.8)

At shocks these equations must be satisfied simultaneously with
the integration of the equations of motion (2.1) through (2.3)
in neighboring regions of continuous flow.

2.1.2 Characteristic Equations

Partial differential equations can be classified according
to their mathematical properties. The equations of unsteady
compressible fluid flow are of "hyperbolic" type. A distin-
guishing property of hyperbolic equations is the existence of
certain characteristic lines in the plane of independent var-
iables (in this case r and t), usually called simply charac-
teristics.

Along a characteristic, the dependent variables satisfy
a certain differential relation known as a compatibility re-
lation. Such relations provide the key to the computational
technique known as the method of characteristics.

By using the sound speed c, we can put Equations (2.1)
and (2.2) in ordinary differential form on certain lines
(the characteristics) in the r, t plane. These characteristic
equations (or compatibility relations) take the form

dp + du + uc dt 0 (2.9)
PC r

6
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on the first family of characteristics

dr - (u + c) dt (2.10)

"r and

A_ - du + . 4c dt - 0 (2.11)
pC r

on the second family of characteristics

dr- (u- c) dt. (2.12)

We observe that Equation (2.3) is already in the differential
form

de + pd ) -0 (2.13)

on the particle paths

dr - u dt. (2.14)

Therefore there are three families of lines in the r,t
plane along which the equations of continuous (but possibly
nonisentropic) flow can be written in ordinary differential
form.

Computationally, we can take advantage of these prop-
erties, because the compatibility relations contain ordinary
first-order derivatives rather than partial derivatives.
Therefore these relations lend themselves to numerical inte-
gration in cases not solvable analytically. However, it may
be seen that the characteristic lines, along which the sol-
ution can be obtained by integrating the compatibility
relations, are themselves defined by nonlinear differential
equations. Therefore the characteristics depend on the sol-
ution and must be determined simultaneously with it.

Physically, the characteristics can be interpreted as
lines along which infinitesimal disturbances (wavelets) of
pressure and other flow variables can propagate. In the r,
t plane we can represent graphically the propagation of

7



I
pressure waves and the motion of gas particles. Character-
istics are thus signals which carry information about local
flow disturbances to other parts of the fluid at later times.

A further physical interpretation of the character-
istic lines defined by (2.10) and (2.12) is as follows: An I
infinitesimal wave or acoustic signal will travel with the
local sound velocity + c relative to the fluid, which moves
with the local particTe velocity u. Hence, relative to a
stationary observer, sound signals will travel with the vel- f
ocity u + c, the double sign respectively referring to signals
moving in the direction of increasing or decreasing r relative
to fluid particles.

2.1.3 Equations of State

The equations of state used in the present study to
represent explosive detonation products and air are of the
form of Equation (2.4). Energy is imparted to the surrounding
gas as the products of detonation of a solid explosive expand
adiabatically from the Chapman-Jouguet (CJ) detonation state.
In order to determine the way in which the energy is released
from the detonation products, the explosive equation of state
must represent correctly the expansion isentrope of the pro-
ducts. This so-called CJ isentrope must correspond to correct
values of pressure, density, internal energy, sound speed,
and detonation velocity in the CJ state.

A well known solid explosive for which an equation of
state of the form of (2.4) is available is pentolite (50/50
TNT/PETN) of initial density 1.65 g/cm3 . Thermochemical cal-
culations7 give the following values for the CJ detonation
state of this explosive:

PCJ - 0.2452 mb

PCJ , 2.210 g/cm3

cc0  - 0.5714 cm/ysec

D - 0.7655 cm/Psec

ec C0 0.0775 mb-cm3/g

where D ms the detonation velocity, and I megabar (mb) = 1012
dynes/cm . The chemical energy eo released in the detonation
must satisfy the jump condition (02.8) with the subscript s
denoting the CJ state. It has the value eo = 0.05866 mb-cm3 /g

8



"(1402 cal/g). An equation of state of the form of (2.4) which
represents all of these properties adequately is

p = (A+Bp) Pe + Cp3  (2.15)

where the constants A, B, and C are given by

"A = 0.35
B = 0.1243 cm3/g

C = 0.1279 mb-cm /g

These constants match the CJ conditions as well as the ideal
gas behavior of the products in the limit of very low pressure
and density.

The equation of state of air used in the present work
is taken to be that of an ideal gas with a ratio of specific
heats y = 7/5. The ideal-gas equation of state in the form
of (2.4) is

p = ( y - 1) pe (2.16)

Variations of y corresponding to real-gas behavior can also
be incorporated into the present formulation provided y can
be expressed in terms of the other state variables in Equation
(2.16). However, estimates indicate that real-gas effects will
persist momentarily only within a few charge radii of the ex-
plosive, a region in which geometric and other details of
explosive placement are negligible for reasons discussed
earlier.

2.1.4 Dimensionless Variables

The equations of motion (2.1) through (2.3) and their
counterparts in ordinary differential (characteristic) form
contain quantities with dimensions involving the usual ].ength,
time, and force or mass units. These equations apply for any
physically consistent system of units.

It is convenient to work with variables in dimensionless
form in order to bring out the natural scaling relationships
(and limitations on scaling) among the variables. It is

9Hi III



easily showu that the governing equations can be made dimen-
sionless by the choice of any three dimensionally independent
parameters of the system, such as the ambient pressure po,
the explosive energy yield W, and the ambient sound speed c
or density p0 . Furthermore, with such a choice the equatioRs
of motion in terms of the dimensionless variables have exactly
the same form as the dimensional equations.

For our purposes an appropriate set of dimensionally
independent parameters will consist of a characteristic pres-
sure p* and density p , which may be taken as the ambient
values of these quantities, and an explosion energy yield W*,
which may be taken as the yield of, say, one explosive charge
in the problem. The dimensionless independent variables are
then

,)1/3

r= r I (2.17)

1/3 1/2

T t R (2.18)

The pTessures and densities are scaled respectively by p
and p , internal energy by p*/p , and velocities by the
square root of this ratio. The usual cube-root yield scaling
of distance and time is immediately evident in Equations (2.17)
and (2.18). For these variables to be dimensionless W* must
be measured in energy units consistent with the units of force
and length in which the other dimensional parameters are me-
asured. Conversion of W* in terms of the weight of a given
solid explosive is readily accomplished through the detonation
energy per unit weight of the material.

While the ideal-gas equation of state (2.16) is invar-
iant under a transformation to dimensionless variables, this
is not true of the detonation-product equation of state (2.15),
since the latter involves the dimensional constants B and C.
The numerical values of the dimensionless equivalents of these
empirical constants will depend on the choice of characteristic
pressure and density. Therefore the scaled (dimensionless)
results in any problem will depend on the choice of reference
values of pressure and density. However, this dependence is
confined to details of the behavior in the region of the
explosion products, and its effect on scaling of the far-field
results to different atmospheric conditions will be weak.

10



2.2 NumurIcal Methods

Application of the method of characteristips to specific
problems consists of numerical integration using the finite-
difference equivalents of Equations (2.9) through (2.14)
together with shock relations and the applicable interface
or boundary conditions. At each step of such calculations,
values of the dependent variables are known at previously
calculated discrete points in the r, t plane. The solution
is advanced in time from prescribed initial data by solving
simultaneously the finite-difference equivalents of (2.9),
"(2.11), and (2.13) written between known points and the
point to be determined.

It should be recalled that the characteristic lines
and particle paths in the r,t plane represented by Equations
(2.10) (2.12), and (2.14), on which the respective com-
patibility relations apply, are not known beforehand, and
are determined as the solution progresses. At each step of
the computatior.n, suitable average values of nonderivative
coefficients in the difference equations must be used. In
general this requires an iterative procedure to determine
the location of each new point simultaneousiy with solving
for values of the dependent variables at the new point.

There are two basically different ways in which the
properties of characteristics can be used to construct
numerical solutions. One of these, referred to as the
natural-grid method, is to obtain the solution along par-
ticular members of each of the families of characteristic
lines determined continuously as the solution is advanced.
The other, called the fixed-time method, uses the properties
of characteristics to relate the flow at the beginning and
end of a prescribed time interval at each step of the calcu-
lations. The former method is useful in certain special
cases, particularly for isentropic flows. The latter method,
due to Hartree4, provides results in the form of profiles of
pressure and velocity at fixed times, and has several advan-
tages over the natural-grid method for problems of the type
we consider in the present work. In the following paragraphs
we outline calculations using the two methods, discussing
the fixed-time method in substantially more detail, since
it was utilized for most of the calculations reported here.

2.2.1 Natural Grid Method

At a typical interior (continuous) point of the sol-
ution, calculations using the natural-grid method proceed as
follows:

=-.-..-... ..... ,
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Assute the solution to be known at points 1 and 3 in
Figure 1, and suppose that no shock waves are present locally.
The solution is to be found at paint 2', the intersection of
two characteristic lines of opposite families with the par-
ticle path through point 2 on the line joining 1 ana 3.
Between-i 1 and 2: Equations (2.9) and (2.10) apply, while I
between 3 and 2' Equations (2.11) and (2.12) apply. Equations
(2.13) and (2.14) hold along the particle path joining 2' with
2, where values of required variables at the latter point are I
obtwatied by interpolation between known values at 1 and 3.
Finally, values of p and e at 2' must satisfy the equation
of state. Thus in comiotations the new point 2' is tenta-
tively located using (2.10) and (2.12) with the values of I
u and c at 1 and 3. The first approximations to p and u at
2' obtained from (2.9) and (2.11) are successively improved
using (2.13) and (2.14) together with the equation of state,
until all conditions relating the points in the diagram are
satisfied simultaneously within a prescribed convergence
criterion.J

In the present work we used the natural-grid method
to determine certain features of the early expansion of the
explosion gases. The procedure in this application is des-
cribed in more detail in Section 3.2.1.

2.2.2 Fixed Time Method J
One disadvantage of the solution on a natural char-

acteristic grid as outlined in Section 2.2.1 is that the
solver has no control over the points at which the solution
gets determined. Investigation of coalescing blast waves
from explosive charges requires results in the form of
spatial distributions (e.g., the pressure profiles) at pre-
scribed times, and a considerable problem would arise of
two-dimensional interpolation in the characteristic mesh.
For most of the present work we use a method which overcomes
this difficulty by defining the mesh points in advance in
both space and time and performing the interpolation as the
calculation proceeds. This fixed-time method has the advan-
tage that the interpolations required are always one-dimen-
sional, and the results at any stage of the solution are
always available in the form of profiles with respect to
distance at fixed times. In either method, it can be shown[
that the truncation error inc-urred by replacing the differ-
ential equgtions by their difference equivalents is of the
order of hz where h is a measure of arc length along the
characteristic lines between points at which the solution is
determined in the r, t plane 5 .
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In the present work we devised a version of the
fixed-time method in which computations are performed fol-
lowing particle trajectories in the r, t plane, and which
accomnodates any equation of state of the form of (2.4). Thus,
we can follow the expansion of detonation products described
by Equation (2.15) as well as the resulting pressure field
in the surrounding air.

In the following paragraphsi we outline the order of
calculation at a typical interior point and at a blast wave
moving into undisturbed air. These typify the most fre-
quently utilized calculation routines in the type of problem
studied in this work. Other considerations encountered in
develoDing numerical solutions are also sumrmarized.

2.2.2.1 Typical Interior Point

Assume the solution is known at fluid elements
occupying positions 1, 2, and 3 in a continuous region at
time t (Figure 2). The solution is required at point 2',
which represents the new position at t + At of the particle
that was located at point 2 at time t.

The characteristic lines of the first and second
families passing through 2' meet the base line at a and b.
Let double subscripts denote quantities averaged arithme-
tically between the points so indicated. Equations (2.9)
through (2.14) are written in finite-difference form as
follows:

(~~)a2~~~ 6 uu)+~()~ t = 0 (2.19)

IPcýa (P2'-Pa) + (u2''Ua) + v r-- a2'

ra - r 2 , - (u+c)a 2 1 At (2.20)

(I) 
-uc+ 

At- 0 (2.21)PC (P2''-Pb) - (u2'-%_u) + v -- b2'

rb =r 2 , - (u-c)b 2r At (2.22)

( 1 1 (2.23)
2' - P 2 2 ' 2' P21

r 2 , =2 + u 2 2 , At (2.24)

I
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I
To determine the location of 2' and the values of

the dependent variabies there, first estimate r 2, from (2.24)
by assuming u2 , - u2 .

Also assume initially that p, p, and c at 2' have
the same values as at 2. Calculate r. and rb in first
approximation from (2.20) and (2.22), taking as initial
guesses for u and c at a and b their values at 1 and 3, in
order to compute the required averages. Using these values
of ra and rb, compute u, p, p, and c at a and b from their
values at 1, 2, and 3, by means of second-order interpolation
formulas.

Compute the averages of the quantities 1/pc and
uc/r required in (2.19) and (2.21). Solve (2.19) and (2.21)
for P2 ' and u2 ,.

Compute p., and et by solving (2.23) simultaneously
with the applicabl equatibn of state (2.15) or (2.16).
Compute c2, from the right member of (2.5).

Test whether the successive values of and u2 1
so calculated satisfy prescribed numerical convergence cri-
teria. If they do not, repeat the process using the current
values of the dependent variables at 2' as new initial
guesses.

2.2.2.2 Shock Wave Point

In the present numerical method, shocks are accounted
for independently as they propagate through the mesh of par-
ticle trajectories. At a shock, the jump conditions (2.6)
through (2.8) must be solved simultaneously with the equations
of one of the characteristic families in the region behind
the shock.

Consider a shock moving rightward into a region of
known conditions (Figure 3). Denote the state ahead of the
shock by the subscript zero. Assume the solution is known
at points 1, 2, and Z, the last being a previously calculated
point on the shock. The shock state at S is to be determined.

The characteristic line of the first family passing
through S meets the base line at point a. The shock equations
(2.6) through (2.8) are applicable as they stand. In addi-
tion, the shock position is given in finite-difference form
by

r s  z + Uzs&t (2.25)
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I
where tne double subscript denotes the average of values at
the inuicated points. Equations (2.19) , (2.20) applybetween S and a, with subscript s replac- ,- 2'. The pro-cedure for determining the solution at S is as follows:

UI .First, estimate r, from (2.25) assuming initiallyU -U .Also assume i, Ltlally that us - u. solve (2,6)
&Ad (2!8) simultaneously with the equation of state for p, p,
and a at S. Compute c. from the right member of (2.5).
Initially this process gives the same values of state var-
iables as at Z, but the values will change in subsequent
iterations.

Compute r from (2.20), taking as initial guesses
for u and c at a tfeir values at 2, in order to compute the
required average. Using this estimate of r , compute u, p,
and p at a from their values at 1, 2, and ZNy means of
second-order interpolation formulas. Compute ca from (2.5).

Form the averages of the quantities i/pc and uc/r
required in (2.19). Solve (2.6) and (2.19) simultaneously
for Ps in terms of the current value of p5. Compute e5 and
an improved value of p8 by solving (2.8) simultaneously with
the equation of state. Compute us from (2.6), and Us from
(2.7).

Test whether the successive values of ps and u,
satisfy prescribed convergence criteria. If they do noE,
repeat the process using the current valubs of U and u at S
as new initial guesses. It has been found that this process
always converges successfully. Other iteration schemas for
determining shock wave points were also attempted but were
found to diverge when the shock moves into a field having a
strong pressure gradient.

2.2.2.3 Special Points

Special situations encountered in the computations
include boundary and interface points, and points adjacent
to shocks. At boundaries either u or p is prescribed and
calculations must be made using the given boundary value
in the characteristic relations of one family only. At a
material interface the calculations are essentially the same
as at an interior point except that different equations of
state apply to either side of the interface.

At an interior point adjacent to a shock, one of
the characteristics extended backward from the new position
of the point may intersect the shock rather than the pre-
vious fixed-time line. If this happens, it is necessary to

17
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I
apply the characteristic relations between the new position
of the point and the intersection of the characteristic with
the shock. Values of variables at the intersection are ob-
tained by linear interpolation along the shock trajectory.

Other situations which require special treatment, I
but which are encountered relatively less frequently as a
solution is developed numerically include the interaction
of a shock with a material interface or with another shock.
The former interaction occurs when a detonation wave emerges
at the boundary of an explosive charge, while the latter
takes place when two blaet waves moving in the same direction
eventually coalesce.

2.2.2.4 Addition of New Points

To advance the solution of the blast field in air
exterior to the explosion gas sphere to the times and posi-
tions of interest requires the addition of new particle I
trajectories at the leading shock thereby expanding the
computed field. As the computed field expands, it ia nec-
essary also to reduce the density of computed particle
tra ectories so as to maintain approximately uniform reso- I
lution of tha blast pressure field gradients.

We devised a point addition routine which insures J
a controllable level of computational accuracy. New par-
ticle trajectories are introduced at the leading shock as
the shock traverses equal radial intervals in the undis-
turbed air ahead of the shock. The required radial interval
Ar is determined from

Ar . Ls Aro (2.26)

Ahere is the undisturbed air density, p0 is e reference (or
initial? value of shock density, and ArO is an input con-
stant characterizing the desired spatial resolution of the
results. This criterion results in zones of approximately
equal mass between computed trajectories. This point addi- I
tion method was found to provide relatively uniform resolu-tion of blast pressure gradients.

2.2.2.5 Stability and Radial Zoning

It is known from the structure of the governing
equations that the solution at a typical interior point in I
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I
the r, t plane depends only on previous data within a region
bounded by characteristics of the first two families inter-
secting at the new point. This defines a so-called domain
of dependence of the point. Thus in Figure 2, for example,
the solution at 2' depends only on previous data along the
base line between a and b.

In the fixed-time method, values of variables at
a and b are determined from their values at 1, 2, and 3,
using second-order interpolation formulas. Consequently,
any change of properties at 1 or 3 will influence the re-
sults at 2', in effect broadening the numerical domain of
dependence of 2'. Any error introduced because of this
effect is small and has been found to decrease gradually
with time6 .

In order to insure stability of the calculations,
the magnitude of the time increment At is limited by the
condition

At . Ar/c (2.27)

where Ar is the spatial interval between two neighboring
previously calculated data points, and c is the local value
of the sound speed. With this criterion, points a and b
in Figure 2 always lie between 1 and 3. In practice, to
determine the next time step the current spatial distri-
bution of points is scanned and At is obtained as the least
value of Ar/c for the current profile. Thus a refinement
or coarsening of the spatial distribution of data points is
always accompanied by a corresponding refinement or coars-
ening of the time step. The total computational effort in
a given problem therefore varies roughly as the square of
the spatial resolution required.

We have found that, with the method of adding new
points at the leading shock described in Section 2.2.2.4,
radial intervals Ar between points in the profile at any
time are such that Ar/c tends to be nearly uniform through-
out the profile. Since for stability the time step At in
the fixed-time computation method is obtained as the least
value of Ar/c for the profile, the inequality At ! Ar/c
tends to be marginally satisfied at all intervals Ar.
Under this condition the fixed-time method approximates one
form of the natural-grid method of characteristics, which
is subject only to truncation (grid size) error and not to
errors in the numerical domain of dependence of calculated
points.

19



A simple automatic rezoning scheme was adopted for
use in computing the far-field blast pressures. Periodically,
alternate particle trajectories are deleted as the computed
field expands and the availble data storage in filled. With
rezonin the new point addition criterion is relaxed so that
the stability criterion A ta r/c continues to be satisfied
nearly uniformly for all radial intervals &r, but with more
economical resolution of the profile.

20
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I
3. INrITIAL.EXLOSION B.HAVIOR

In order to determine an appropriate model for the
initial formation of the air shock from an explosive charge,
we examined some aspects of spherical charge detonation and
the early expansion of the explosion gas. in this section
we describe calculations of the pressure and velocity fieldsin a centrally initiated pentolite sphere, and some features

" ~of the initial, unsteady expansion of the detonation product
! gas.

:1.1 Spherical Charge Detonation

Radial distributions of pre.ssure, density, internal
energy, and particle velocity in the detonation products of
a spherical charge represent initial conditions on the sub-
sequent blast field in the surrounding gas. These protiles
are obtained at the instant the detonation wave resulting from
the central initiation emerges at the surface of the spherical
charge.

Walker and Sternberg 7 analyzed the underwater detonation
of pentolite spheres using the equation of state (2.15), and
gave the pressure profile in the detonation products. However,
the distributions of other state variables were not reported.
In the present work we independently obtained the necessary
spatial variation of all state variables in the products.

Although the details of the pressure profile in the
detonation products at early times are unimportant at distances
larger than a few charge radii, it is essential to start a
blast problem with internally consistent initial data. This is
because the initial data must reflect accurately the total
explosive energy release. When the charge detonation process
_trminates, the chemical energy released by detonation is in the
form of internal and kinetic energies of the products. The
pressure and velocity profiles must be consistent in the sense
that the total energy so represented must equal the chemical
energy released by detonation.

"3.1.1 Eq uations of Motion

Central point initiation of a spherical charge is assumed
to result in a stable Chapman-Jouguet detonation of constant
velocity D, a property of the particular explosive and loading
density. The flow profile consists of a detonation front fol-
lowed by a centered rarefaction called a Taylor wave. The
central region of the detonation products will be at a uniform
state during the process. The flow behind the front is
isentropic.

21
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The equations of motion are (2.1) and (2.2) with v - 2
for spherical flow. The energy equation (2.3) for isentropic
flow simplifies to

PF d 2 (3.1)

where the sound speed c in the products is determined from the
right member of (2.5) for the equation of state (2.15).

At the detonation front the usual shock equations (2.6)
through (2.8) apply, except that e , the internal energy ahead
of the shock, is replaced by the d~tonation energy per unit
mass of the explosive. In addition, at the head of the wave
the Chapman-Jouguet hypothesis states that

u + c - D (3.2)

Finally, the energy yield W is proportional to the mass of
the charge:

W - 4Poeor 3 /3 (3.3)

where P. and ro are the initial charge density and radius.

A similarity solution exists for this problem, so that
the results can be expressed in terms of the single independent
variable z - r/t. At the detonation front z = D. In partic-
ular, when the front emerges at the surface of the charge, the
energy released is given by Equation (3.3).

The equations of motion are invariant under a trans-
formation to dimensionless variables formed by using any
three dimensionally independent parameters to define the scales
of force, length, and time. We select as dimensional param-
eters the explosive energy yield W together with the pressure
and density of the ambient atmosphere. The specific values of
these parameters are immaterial except insofar as the values
of the dimensionless equivalents of explosive properties and
of the constants B and C in the equation of state (2.15) are
affected by the choice of normalizing pressure and density.
The dimensional CJ properties and constants in the equation of
state listed in Section 2.1.3 were normalized using the stan-
dard atmospheric pressure p* 1 1.013xi0-6 mb and density
p*= 0.001226 g/cm3 .
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S 3.1.2 Det.onation Wave Profiles

When the transformation is made to the similarity
variable z, it is found that the derivatives du/dz and dp/dz
are infinite at the detonation front. Therefore a cusp exists
in the pressure profile at the front. It is necessary to re-
gard u instead of z as the independent variable in order to
integrate the governing equations numerically.

Equations (2.1), (2.2), and (3.1) can then be written

•'dZ = z[(z-u)2-c2]2u (3.4)

J= 2c2u

dp = P(z-u) (3.6)

Equations (3.4) through (3.6) were integrated numerically for
the pentolite equation of state (2.15) using a fourth-order
Runge-Kutta scheme.

Integration was performed inward from the detonation
front, at which z = D and all dependent variables have their
CJ values, to the tail of the Taylor rarefaction, at which
the particle velocity is zero. This occurs at approximately
r = 0.45 ro; that is, the radius of the central sphere of
uniform state is about 45 percent of the charge radius. The
resulting profiles of pressure in atmospheres, and of dimen-
sionless particle velocity, are showm in Figure 4 as functions
of r/ro at the instant the detonation front emerges at the
surface of the charge.

3.1.3 Detonation Energy Check

At the detonation front z = D, the detonation velocity,
while at the tail of the Taylor wave u = 0 and z = ci, the
sound speed in the central sphere of uniform state. These are
singular points, since at z = D the derivatives du/dz and dp/dz
are infinite, while at z = ci the same derivatives are inde-
terminate. It can be proved, however, that at z = ci, du/dz = 0
for any physically realistic equation of state of the explosion
gas.

23
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The singular nature of the pressure and velocity pro-
files at the head and tail of the Taylor wave complicates
somewhat the numerical integration required to obtain the
profiles in the neighborhood of these points. To test the
valid•ty of the detonation wave profiles of Section 3.1.2,
we evaluated numerically the energy balance equation which
states that the total potential and kinetic energy at the
instant that detonation is complete must be equal to the
chemical energy stored initially in the charge. In terms
of the similarity variable z, the energy balance reads

.D

pieoD3 = P.e.c. + 3 P(e+u 2 /2) z 2dz (3.7)

ci

where p and e are the density and internal energy, and sub-
scripts o and i denote properties in the unreacted state and
in the central sphere of uniform state after reaction. Thus
eo is the detonation energy per unit mass of explosive material.1k Numerical evaluation of the integral on the right in
Equation (3.7) was performed using an approximation of the inte-
grand consistent with the fourth-order Runge-Kutta numerical
integration of the wave profiles previously reported. It was
found that the energy balance equation (3.1) is satisfied with-
in 0.14 percent when the Taylor profile is resolved with
200 points.

"3.2 Explosion Gas Expansion

When the detonation front emerges at the surface of a
centrally initiated spherical charge, the high-pressure deto-
nation product gas Lontacts the surrounding air. This drives
a strong shock into the air, while the product gas sphere ex-
pands through a strong, inward-traveling rarefaction wave.
The wave is a centered rarefaction, since it propagates on a
fan of characteristics all of which originate from the charge
boundary at the time the eetonation wave emerges.

3.2.1 Centered Expansion Wave

The principal features of the early expansion of the
explosion gas are shown schematically in Figure 5. The deto-
nation front OA emerges at the charge boundary ro at point A.
The Taylor wave following the front occupies OAB, and OCB is
the central region of uniform state. The detonation wave pro-
files previously reported apply at t~tA. The region ABT is
the inward-traveling expansion wave in the explosion gas,
centered at A. The line AI is the interface between the ex-
plosion gas sphere and the air, while AS is the air shock.
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At A, the pressure drops instaataneously from the
detonaLion-front value to the initial pressure of the air
shock which is established at that point. The initial air
shock strength at A is determined by requiring that the in-
stantaneous values of shock pressure Ps and particle velocity
us also satisfy the compatibility relation for isentropic ex-
pansion of the explosion gas. The instantaneous compatibility
relation

du c (3.8)
To*~- -7

and the energy equation (3.1) for isentropic expansion were
integrated numerically using a fourth-order Runge-Kutta scheme,
for the equation of state (2.15) of pentolite detonation
products. The integration proceeded from the Chapman-Jouguet
values of all the variables until a pair of pressure-velocity
values was found which also satisfies the air shock relations.
Using the ideal-gas equation of state for air, we found the
initial value of the air shock pressure at A to be 847 atm, a
value consistent with an empirical fit of experimental data on
air shock pressures close to spherical pentolite charges.5

To compute the pressure field in the centered fan ABT,
it is first necessary to determine properties along the head
characteristic ABC. On this curve dr=(u-c)dt, while values of
u and c are functions of r/t from the Taylor wave solution in
OAB. In terms of the similarity variable z=r/t, the parametric
equations of the slightly curved segment AB of the head char-
acteristic are

z
Dt = exp -i dz (3.9)

ro 2-u-Tc
D

and

r = zt. (3.10)

Equation (3.9) is readily evaluated numerically. The straight
segment BC is given by dr = -cidt, since u=O and c=ci, a con-
stant, in the central region of uniform state. The solution
in the entire fan ABT can then be determined from known bound-
ary values of all the variables along the head characteristic.

Because the expansion of the detonation products in the
centered fan ABT is isentropic, it is convenient to compute the
field in the fan using a natural characteristic grid as outlined
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in Section 2.2.1, rather than the fixed-time method of compu-
tation. With isentropic flow it is not necessary to follow
the motion of fluid particles, and the natural-grid method in
this case requires no interpolations in the lattice.

To determine the field in the fan, it is necessary to
resolve the instantaneous pressure drop at A into a finite
number of steps. The difference between the instantaneous
values of (u-c) at the head and tail of the fan was divided
into 40 equal intervals. This defines a family of 39 charac-
teristics interior to the fan, all originating from A.

Let C+ and C- denote characteristics of the first and
second families, respectively. The curved segment AB of the
head C- characteristic was resolved with 50 data points. The
calculation proceeds from the head outward to the tail of the
fan. A typical lattice element is shown in Figure 6. Points 1
and 2 are previously calculated data points. Point 3 is deter-
mined by the following procedure:

Initially, assume u3, c3, and all other dependent vari-
ables at point 3 to be the averages of their values at 1 and 2.
Estimate r3 and t 3 from the C+ and C- characteristic equations

r3 - r. = (u+c) 1 3 (t 3 -tl) (3.11.)

r3 - r 2  (u-c) 2 3 (t 3 -t 2 ) (3.12)

where double subscripts denote average values between the
indicated points.

Compute P3 and u3 by solving simultaneously the compati-
bility relations corresponding to (3.11) and (3.12).

Using a Newton-Raphson iteration method, compute e3 and
P3 by solving simultaneously the equation of state and the
energy equation written in difference form between points 1
and 3. Compute c3 from the definition of the sound speed for
the explosion gas equation of state.

Test whether the successive values of P3 and u3 satisfy
prescribed numerical convergence criteria. If they do not,
repeat the process using the current values of the dependent
variables at 3 as new initial guesses.

On the first calculation step from the origin of the
fan, the C- characteristics through points I and 3 of Figure 6
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Ill( PVt r•1t sat101111. , Witch iln that caso corresponds to the fan
rl gil. IItowtvlr, tho calculation on thp first stup does not

dMl or fro w that aL o typical later stop. Ono simply assigns
LiO pelit , LhV alp)opriato pressu'r.-valocity mLato frtom those
lnto whtvh tht ran Is Intially aubdividod.

ihe field ioi thi oi ntLirv fan in detormitnod by the fore-
tlotit Irovotdhre, Itowowor, th1 oxplansion noar the tail of the

an ii P0 sevwre owing to Mphorical divorgence that the pres-
sure drops helow that of the air shock, "'he overexpansion must
ho comipotiatod for through an inward-travwling shock which forms
al,|ng tho Lall charactors•tic of tho fan (AT in Figure 5).
This shock It initial)y of zoro strength, but gradually increases
Il Alptlitude, WulPApAL "Ig into the known field of the fan.8 The
shock, though travoling hiward rolative to the fluid, is swept
outward at oarly timos owing to tho particle velocity induced
in the expaiision. The inward-traveling shock is determined
R ointl with the solution of the air ahock and the pressure

old Ini the adjacunt air.

3.2.2 Air Shock at Early Times

The field betwoon AS and AT in Figure 5 is determined
by the normal fixed-Limo computation scheme. This field is
bounded by two shocks, each propagating into a known region,
and contaits a material interface line AI.

An exceptional aspect of the procedure is the initial
time step. In Figure 7, point 1 is the origin of the air
shock. The initial shock pressure at point 1 is known from
the instantaneous pressure drop at the charge boundary de-
scribod In a preceding paragraph. Initially the inward-
traveling shock between points 1 and 3 is of zero strength,
and coincides with the tail of the centered fan in the explo-
sion gas. The initial time step is arbitrary, but is chosen
cunsistent with the resolution of the field in the fan.

Point 2 on the interface and point 4 on the shock are
determined simultaneously by applying compatibility relations
on characteristics extended backward from these points, and
jump conditions across the shock at point 4. First- ,•der
interpolation formulas are used for the values of "i•tndent
variables at points a, b, and c. Otherwise, the .1-'roiedure is
the same as that for shock wave and interface poirn in the
fixed-time method.

After the initial time step, the fixed-time scheme is
applied in the usual way to the field between the two shocks.
At early times after the process starts, the inward-facing
shock remains weak and can be treated as coincident with the
tail of the centered rarefaction in the explosion gas. We
performed calculations of the gas expansion and air shock dur-
ing the time when the strength of the inward shock is negligible.
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The pressure profile shortly after the detonation wave emerges
at the charge boundary is shown in Figure 8.

At later times, jump conditions would have to be applied
to determine the location and strength of the inward-traveling
shock as the solution progresses. This process was found to be
quite difficult to treat numerically. The inward-traveling
shock gives rise to a series of weak outward-propagating after-
shocks at late times, 9 but these will appear behind the
negative-pressure phase in the tail of the resuilting far-field
blast pulse and will not affect the coalescence of main shocks
from sequential explosions. Calculation of the far-field blast
pressures is simplified by omitting these details of the initial
unsteady expansion of explosion gas.

Because the explosion gas expansion is adiabatic, the
energy Wt transferred to the air at any time is obtained as the
work of the pressure forces at the gas-air interface:

t 2
Wt = 4T pur dt (3.13)

ro/D

The result obtained by evaluating the integral in Equation (3.13)
along the trajectory of the gas-air interface gives the energy
Wn remaining in the explosion gas sphere at any time, since

Wn = W - Wt (3.14)

where W is the explosive energy of the charge. This property
must hold for any model of the behavior of the explosion gas
sphere used to calculate far-field blast pressures.
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4. FAR FIELD AIR BLAST ANALYSIS

Computer programs were written in FORTRAN IV programnming
language, using the fixed-time characteristic scheme detailed
in Section 2.2.2, to calculate the far-field propagation of air
blast from spherical explosions. In this section we describe
an application of the code to the single point explosion problem,
for which an exact solution is available. This provides a test
of the accuracy of the numerical method. We discuss the simpli-
fied model of the explosion gas sphere used to calculate far-
field propagation, and the method used to insert subsequent
explosions. Results are presented for the peak overpressures
and pulse separations from sequential explosions.

4.1 Point Source Explosion

Among the few known exact solutions to problems of un-
steady nonisentropic flow is the case of a strong spherical
blast wave produced by instantaneous energy release at a point.
"The available exact solution for this problem provides a useful
test of the accuracy of the numerical method described in Sec-
tion 2.2.2, and of the performance of the compute.- code devel-
oped in the present work.

We obtained the numerical solution of the single explo-
sion problem using as initial data the pressure, velocity, and
energy density profiles which characterize the strong point
explosion. The numerical solution developed from these initial
data must reproduce the blast field given by the exact solution
at all later times.

4.1.1 Similarity Solution

The exact solution of the point explosion problem was
obtained by SedovlO under the assumptions that the energy is
released instantineously at a point in a perfect gas, and that
the ambient atm• spheric pressure Po is negligibly small com-
pared to the shock front pressure ps. With these assumptions
the resulting profiles of the dependent variables p, p, and u
remain self-similar at all times after the explosion. That is,
the ratios of these variables to their shock front values
(subscript s) are functions only of r/rs, where rs is the shock
radius at any time. The functions are expressed parametrically
in terms of an intermediate variable V for y = 7/5 as follows,
where 6/7 • V • 1:

_r 2,5 (7V6) 2/19 [(15_8V)/7]-173/380 (4.1)
r s
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-. V6/ 5 (6-5V)"7/ 3 [(15-8V)/7) 17 3 / 60  (4.2) 5

Ps

. - (7V-6)15/19 (6-5V)-i0/ 3 [(15-8V)/71 8 6 5 / 2 2 8 (4.3) 1

u = vr (4.4)
U5  rs sI
The shock front values of these quantities vary with

time as follows: I

_- __,1/5 t2/5 (45)

Ps = 2 (KW)2/5 r3/5 t-6/ 5  (4.6)

Ps = 6p0o (4.7)

u = 1/5 t (4.8)

where W is the energy release, p0o is the ambient atmospheric
density, and the constant K = 1.175. By Equations (4.1) and
(4.5), the ratio of any dependent variable to its shock front
value is constant on any line r/t2/ 5 = constant, for given
values of W and p0o. Such a line is called a similarity line.

Choosing W and p as reference quantities to normalize
the results simplifies ýhe expressions (4.5) through (4.8).
Because the ambient atmospheric pressure is absent from the
problem, the pressure scale may be selected arbitrarily. This
reflects the similarity property of the results. The shock
pressure ps at a particular time may be selected as the scale
of pressure. This will define the time scale via the dimen-
sionless equivalent of Equation (4.6).

3
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4.1.2 Numerical Solution

The center of the blast sphere (r - 0) in the poin-
explosion problem is a singularity at which the sound speed
is infinite. Consequently, the behavior near the center can-
not be treated numerically. We developed the numerical
solution in a region of the r,t plane bounded by a constant
time line and by the similarity line r - 0.8 rs. On the
constant time line, the initial data are given by Equations
(4.1) to (4.4), and the initial dimensionless shock pressure
was taken as unity. On the similarity line the partdcle
velocity was prescribed using Equations (4.4) and (4.8). The
initial data were resolved with 20 equally spaced points on
the initial time line. Calculations were continue,' until the
shock pressure decreased to 1 percent of its initial value.

The computed field and the pressure profile are shown
in Figures 9 and 10 at the time when the shock pressure has
decreased by about one order of magnitude from its initial
value. At this time the largest relative error in the depen-
dent variables is less than 0.4 percent. The profile is
resolved with 23 points. The new particle trajectories
introduced at the shock more than compensate fur the number
which have left the field through the back boundary, a simi-
larity line in this problem.

The computed field and the pressure profile are shown
in Figures 11 and 12 at the time when the shock pressure has
decreased to about 1 percent of its initial value. The rel-
ative error in the results along the last line of computation
is less than 0.05 percent. The maximum error in the pressure
at the shock front, incurred at a relatively early time, is
about 0.3 percent. The pressure profile is resolved with
50 points at this time.

Two factors contribute to the level of accuracy attained
in this test problem. First, as the solution is advanced, the
same relative pressure drop (about 60 percent of the peak value
in the profile) is resolved with a progressively larger number
of computed points, and the field was not rezoned at inter-
mediate time steps.

The second and possib.y more important factor is that
the method of adding new points at the leading shock tends to
maintain a nearly uniform value of Ar/c throughout the profile
in this problem. On the other hand, we resolved the initial
data profile with equally spaced points. Therefore at early
times Ar/c is not approximately uniform throughout the profile,
and we immediately begin to incur errors in the computed re-
sults as indicatt-] ;-,. Figure 9. However, by the time the shock
pressure has decreased by about an order of magnitude at t'ac
final time line of Figure 9, the majority of the 23 points
which resolve the pressure profile are points added during
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I
computation. Mo.,t of the 20 Initial lparticle tra,ncLctor.lo
have left the computed field through the back tIoundat-y. Tho
accuracy of the results at the shock front and in Ohe ])ro"t' Io
at this tii , has begun to improve significantty. By tLIm t1U1
the shock pressure, has decreased to I percent of its lnitial
value (Figure 1I), the effects of initial data resoluLion
have vanished, and che agreement of the computed results with
the exact solution is excellent.

4.2 Initial Conditions I
In order to compute far-field blast prossures Crmo

explosions, it is essential to reduce the level, of dot.ilJ
retained in calculations of the explosion gas sphere Usof.
The blast field in air at late times can be followed satLis-
factorily by treating the explosion gas at those timcs as an
adiabatic sphere of uniform state. The equivalent uniform I
gas sphere is established on the basis of the total cnergy
content of the explosion gas.

4.2.1 Uniform Explosion Gas Sphere

In a pentolite charge the head characteristic of th|
centered rarefaction originating from the charge boundary I
reaches the center at a dimensionless time of 0.001647
(point C in Figure 5). 9ls corresponds to a scaled time
t/Wl/3 - 0.01705 msisec/lb'N, a value nearly two orders of I
magnitude smaller than the shortest scaled delay time interval
of interest between successive explosions in situations of
practical interest. Therefore the charge detonation and the
early unsteady expansion of the explosion gas sphere take
place in a time interval that is insignificant compared with
the times associated with far-field propagation. j

As initial and boundary conditions for computing the
far-field propagation, we replace the explosive charge by a
sphere of detonation product gas having the same total energy
and mass as the original explosive, at uniform but time-varying pressure.

The particle vclocity in the gas sphcre is zero except I
at the boundary, where it is equal to the gas-air interface
velocity. Consequently the energy is entirely in the form
of internal energy. The initial pressure in the sphere is
determined from the requirements that the total energy and
mass are the same as those of the original explosive, and that
the gas satisfies the detonation product equation of state I
(2.15). Subsequently the energy of the sphere decreases
according to Equations (3.13) and (3.14).

4oI
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During the motion the pressure in the gas sphere is a
function of boundary radius through isentropic expansion
corresponding to the equation of state (2.15), while at the
sphere boundary the pressure depends on the interface velocity

* as well through the compatibility relation for unsteady flow
in the adjacent atmosphere.

It has been shown for a single TNIT explosion that the
effect of explosion-product mass on the blast wave is negligible
beyond a shock radius at which a mass of air ten times the
charge mass is engulfed. 9 For pentolite of initial density
1.65 g/cm3 and air at standard atmospheric conditions, this
would correspond to a scaled shock radius R/Wl/ 3 = 3.15 ft/lbl/ 3,
considerably less than the smallest scaled radius of interest
to the present work (-7 ft/lbl/ 3 ). Therefore the explosion
gas sphere can safely be represented as an equivalent uniform
region at late times in the present work. It has also been
shownll that late-stage equivalence holds between single ex-
plosions of equal energy but different mass, in that the shock
pressures are the same at equal distances. If in addition the
explosions are of equal mass, late-stage equivalence also holds
for details of the interior structure of the blast fields.

4.2.2 Insertion of Successive Charges

A subsequent explosion is inserted computationally by
increasing the current values of total energy and mass in the
explosion gas sphere by the energy and mass of the second
charge. The energy and density of the gas sphere are increased
uniformly over the sphere volume at the time of the subsequent
explosion. This neglects the time of propagation of the shock
from the subsequent charge through the gases of the first ex-
plosion. The instantaneous pressure increase is uniquely
determined from the increase of internal energy and density,
and from t1- requirement that the explosion products continue
to satisfy the equation o5 state (2.15). This process immedi-
ately iniLiates a second air shock at the boundary of the gas
sphere, and tends to underestimate the separation between the
two main shocks in the surrounding air.

At all times the unsteady blast field in the surrounding
air is computed in the normal manner by the fixed-time method
of characteristics. Within the framework of this model, the
effects of any number of successive explosions originating from
tte same center can in principle be studied numerically. In
t e present work, however, we have restricted attention to
problems involving two or three successive explosions.

4
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4.3 Computed Results

The program for computation of air blast from explosions
was coded in FORTRAN IV programming language for execution on a
CDC 6600 machine. The general equations of plane, cylindrical,
and spherical flow were coded so as to retain generality for all
one-dimensional flows. The factor v in Equation (2.1), which
defines the dimensionality of the problem, is an input constant.

We applied the code to sequential spherical explosion
problems to predict blast wave coalescence phenomena. Problem
conditions were selected so as to duplicate those of several of
the scale-model tests described in Section 5. Detonation prop-
erties of pentolite, for which the computations were performed,
are quite similar to those of plastic explosive C-4, which was
used in the experiments. Computations are performed internally
with dimensionless variables, but the resulting times and dis-
tances are scaled by the TNT equivalent of the total weight of
explosive detonated on a rigid ground surface. Therefore the
results are applicable to any explosive weight for the conditions I
of charge weight ratio and scaled time delay considered here.

For conditions equivalent to those of the experiments
described in Section 5 (2 lb of C-4 detonated on a rigid surface),
the time delays and charge weight ratios for which computations
were performed are listed in Table 1. For the three-charge
problems the indicated delay is that between the first two
detonations; the third explosion was introduced at the instant
of coalescence of the first two shocks.

Table 1

Time Delays by Computer Run Number

Time Charge Weight Ratio
Delay
(msec) 1:1 2:1 1:2 1:1:1

0.8 1 6 9

1.5 2 7 8 10

2.2 5

2.9 3

5.7 4

In each case we continued the calculations beyond co-
alescence, if it occurred, or until the results were sufficient
to provide a basis for understanding the behavior of successive
pulses in the experiments. Time separations of the pulses at
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various distances were obtained by cross-plotting the normally
output results, which are in terms of pressures and positions
at fixed times.

The results for scaled time separation between leading
and trailing shocks are shown as functions of scaled distance
in Figures 13, 14, and 15. For a given time delay between det-
onations, the time separation between two successive shocks
vanishes when coalescence occurs.

Peak pressures of the successive shocks are shown as
functions of distance for each computed case in Figures 16
through 25. In these figures, the pressure-distance curve for
a leading shock terminates when it is overtaken by a trailing
shock. The pressure-distance curve of the trailing shock is
joined continuously with that of the coalesced wave, except
for a possible discontinuity of slope at coalescence (e.g.,
see Figure 16). The following general features of the com-
puted results are noted:

"* The computational model simulates a situation in
which each observation point is equidistant from two
sequentially detonated, spatially separated charges
(as on the lateral blast gage line of the experiments
described in Section 5), and has an unobstructed view
of both.

"• The distance at which coalescence occurs tends to be
underestimated for very short time delays (5.5 ft/IbI/ 3

compared with an experimental value of 7.3 ft/lbl/3 for
a scaled time delay of 0.6 msec/lbl/ 3 reported in Sec-
tion 5). This is because the second explosion is
modeled by adding its energy and mass uniformly over
the gas bubble of the first explosion at the instant
of the second detonation. This effectively assumes
an infinite propagation speed of the second shock in
the products of the first explosion. The agreement
improves rapidly with increasing time delay, however,
as this effect becomes relatively less important.

"* The peak pressure of a coalesced wave is substantially
the same; as that from the simultaneous explosion of
the total weight of explosive in the event, as con-
firmed extensively in the experiments reported in
Section 5.

"* For long time delays there is no tendency for the
successive blast pulses to coalesce. In fact, for
a scaled time delay of 4.2 msec/lbl/3 (the largest
considered) with equal charge weights, the second
shock travels in the negative pressure phase of the
blast pulse from the first explosion.
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5. SEQUENTIAL EXPLOSION EXPERIMENTS

A series of 20 small-charge experiments was designed
in conjunction with the theoretical investigation to explore
the effects of delay time between sequential explosions on
the coalescence of successive blast pulses produced by the
explosions. The experiments were designed to validate and
extend the numerical predictions of the main effects of
delay time and charge weight ratio at several distances
from the explosion site. Other factors such as charge sep-
aration distance and firing sequence with respect to charge
position were held fixed.

The relationships between explosion delay time and
distance from the explosion site can be visualized in terms
of a data map in the plane of these two independent var-
iables. For short delay times the blast pulses from two
successive explosions will coalesce to form a single pulse
at sufficiently large distances from the explosion site.
A curve of critical delay times (or equivalently, marginal
coalescence) defines the boundary between conditions which
produce coalescence and those which do not. Moreover, it
is one curve of a family of contours of constant pulse sep-
aration. All contours of nonzero pulse separation will lie
to one side of the curve of marginal coalescence. The goal
of the analysis and experiments has been to establish this
type of map. It is essential to obtain wide coverage in
terms of such a data map, because useful values of pulse
separation (that is, those sufficiently long so that the
explosions can safely be considered nonsimultaneous) must
eventually be selected on the basis of criteria involving
the effects of blast on the structures of interest.

5.1 Test Arrangement

Experiments were conducted with two sequential explo-
sions in which the ratio of the weights of successively
fired charges was 1/2, 1, and 2. A few experiments were
also conducted with three sequential explosions. The total
charge weight in each experiment was 2 lb. Blast pressure
measurements were made at six locations on each of two gage
lines axial and transverse to the line of centers of the
charges. All pressure gage signals were recorded on mag-
netic tape.

5.1.1 Explosive Charges

Hemispherical charges of plastic explosive C-4 (91%
RDX + 97 plasticizer), were used for all experiments. The
charges were formed by pressing a pre-weighed quantity of
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explosive into specially fabricated molds. The pressing
was done by remote control. The diameters of the 2/3-, 1-,

and 4/3-lb charges were nominally 3-1/2, 4, and 4-1/2 in.,
respectively. The charges were initiated in programmed
sequence by fast-functioning M-36 type electric detonators
(National Northern Div., Atlantic Research Corp.) with I
1/2-in. by 1/2-in, cylindrical tetryl pellets as boosters.
The time delay between the first and second explosions was
obtained by using electronic waveform and pulse generators I
(Tektronix Type 161 and 160, respectively) to trigger a
thyratron-controlled 4-mfd, 330-v firing circuit to ener-
gize the second detonator at the preselected delay time.
In the experiments with three explosions, the time delay
between the second and third charges was obtained by using
a length of 18 gr/ft detonatiLng cord (DuPont Detacord)
having a detonation speed of 23 ft/msec.

5.1.2 Test Fixture

In the test configuration the charges rested on a I
1-in. thick steel base plate, and were separated by a
steel dividing wall to prevent sympathetic detonation.
The dividing wall was 6 in. high by 1 in. thick. The dis-
tance between centers of two charges was 10 in. A sketch
of the test fixture is shown in Figure 26. The test
fixture was built to accommodate three-charge experiments
by adding a second dividing wall and replaceable insertplate.

5.2 Instrumentation i

Pressure measurements were made at six stations on
each of two blast gage lines. The gage lines were axial
and transverse to the line of centers of the chIarges. The
pressure transducers were installed flush with the ground
surface in mechanically isolated steel mounting plates on
the centerlines of two 75-ft long by 10-ft wide zoncrete
slabs. A general view of the test area is shown in
Figure 27. Figure 28 shows a typical gage installation in
the 6-in. by 1/2-in, cover plate of the centerline conduit
through which the transducer cables of each blast line were

carried.

The actual time delays between sequential explosions
were monitored by use of ionization probes placed at the
charge centers. The time of initiation of each charge was
recorded on magnetic tape.

5
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Figure 28 Photocon Gage Installation 3
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5.2.1 Pressure Measuring Systems

Three types of pressure transducers were employed
in the test program: the Model 603A and Model 601H manu-
factured by the Kistler Instrument Co. (KIC) and the
Photocon Research Products Corp. (PRP) Type 752-40 psig.

The KIC transducers are of the piezoelectric type,
employing crystalline quartz as a sensing element. Pres-
sure applied to the diaphragm of the transducer is con-
verted to a force acting on the quartz crystal sensing
element, which in turn generates an electrical charge
output proportional to the applied pressure. The trans-
ducer is a charge generator and the basic sensitivity of
the unit is expressed in picocoulombs per psi. A charge
amplifier is used in conjunction with the transducer to
convert the generated charge to an equivalent voltage
signal.

A pre-test evaluation of the charge amplifier
(KIC Model 566) showed the band pass and noise of the unit
to be functions of the ratio of the feedback capacitance
to the input capacitance. A transfer function setting of
10 mv/pcb was selected in order to maintain a reasonable
signal-to-noise ratio. This setting provides a frequency
response to 15 kHz.

The Photocon Type 752-40 psig transducer has a
dynamic range of 0 to 40 psig and frequency response of
0 to 10 kHz. The diaphragm of the transducer, in con-
junction with an insulated stationary electrode, forms
an electrical capacitor. The pressure to be measured is
applied to the diaphragm causing a change in capacitance
proportional to the applied pressure. The transducer
capacitance and a built-in inductance form a tuned radio-
frequency circuit. The tuned circuit is line-coupled by
means of a low impedance cable to a Dynagage system con-
sisting of an oscillator-detector circuit and a cathode-
follower amplifier. The changes in capacitance produce
changes in the diode detector impedance, and thereby
produce a signal voltage proportional to the applied
pressure.

5.2.2 Recording Instrument

Hewlett Packard (HP) Model 8875A differential ampVl-
fiers were used to condition the data signals for magnetic
tape recording. These units were used to provide a vol-
tage gain and impedance match between the pressure me-
asuring system and magnetic tape recorder.

61



,i'
The data signals were recorded on an Ampex series

CP-100 magnetic tape recorder. This unit is equipped with
13 fm recording tracks for data recording, and a single
channel of direct recording for time base signals. The
tape recorder conforms to specifications for the IRIG
intermediate band.

5.2.3 Data Reproduction j
Oscillograph reproductions were made from the mag-

netic tape recordings by employing the HP Model 8875A
amplifiers to drive a Consolidated Electrodynamics Corp.
(CEC) Recording Oscillograph Type 5-124. The oscillo-
graph is equipped with CEC Type 7-363 galvanometers for
recording the data signals on oscillograph paper.

Most of the data was recorded at a tape speed of
60 ips and reproduced at a tape speed or 3./j ips, re-
sulting in a frequency division of 16. The oscillographJ
paper speed was 128 ips. For these conditions, the
oscillogram has a horizontal resolution of 488 Psec/in.
and an effective frequency response from dc to 20 kHz,
referred to real time.

5.2.4 Block Diagram

A block diagram of the record-reproduce instru-
mentation system is shown in Figure 29. In addition to
the equipment described above, the monitoring and signal
control equipment is shown.

The data channels were monitored and an electrical
calibration signal was recorded on each data track immse-
diately preceding each test run. The electrical cali-
bration signal is a voltage simulation of a predetermined
pressure level. This signal is used in data reduction
and to verify the integrity of the record/reproduce system.

5.2.5 Calibration Procedures

The following paragraphs describe in general terms
the techniques used to calibrate the pressure transducers
used in the test program. The primary purpose of the
calibration series is to establish the sensitivity factor
K of the transducer. The KIC pressure transducers were
calibrated statically and dynamically in the pre-test
calibration series and statically in the post-test cali-
bration series. The Photocon pressure measuring systems
were calibrated statically in both the pre-test and post-
test calibration series.
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5.2.5.1 Static Calibration

Each KIC pressure transducer was placed in a
Plextilas mount, The transducer was held in place by
applyin& a torque of about 8 in,-lb to the retaining
piece. The Photocon transducers (752-40 psig) were re-
moved from their water-cooled flame shields and placed in
a mouit:ing adapter, designed to provide flush mounting of g
the diaphragm. The mounLed transducers in turn were placed
in the expansion chamber of the calibration fixture.

The calibration fixture consists of an expansion
chamber with a volume less than 2 in? and a compressed- I
mt-. chamber with a volume of 380 in 3 . The chambers are
separated by an electrically operated solenoid valve.
The pressure in the compression chamber was monitored by I
using a pressure transfer standard (Seegers 55 2455-A) for
the KIC units and by a mercury manometer for the Photocon
systems. When the solenoid valve is operated, the trans- I
ducer is subjected to a pressure rise (the rise time is
about 2 mesc). The applied pressure causes a voltage to
be generated at the output of the signal conditioning
amplifier.

The KIC transducer sensitivity factor K is the
output volta e of the charge amplifier V divided by the
charge amplifier setting C and the applied pressure p.

VIK r (pcb/psi) (5.1)1

Similarly, the sensitivity factor K for the
Photocon Research systems is the output voltage from the
dynagage V divided y the applied pressure p. 1

p (volts/psi) (5.2)

The KIC transducers were calibrated at eight
points in the range 0-150 psi and the Photocon systems
were calibrated at 5 points in the range 0-10 psi. The
quantity K for the range is the arithmetic mean of the
values of K determined at all the points. The values of
R for the pre-test and post-test calibration series are
shown in Table 2.

6 I
I
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5.2.5.2 Dynaamic Calibration

The KIC pressure transducers were dynamically
calibrated in a 2-in. shock tube. The transducers, in-
stalled in the mountings previously described, were
flush-mounted in the walls of the shock tube in three
radial configurations. The transducers were subjected to
flat-topped shock pulses of six different amplitudes in
the range 14.6 psi to 162.5 psi.

The distance between each transducer was accu-
rately measured; therefore the average shock velocity
could be determined. Five velocity readings were averaged.
The shock pressure was computed from the measured shock
velocity using the Rankine-Hugoniot relations.

The sensitivity factor K for each pressure level
and the average sensitivity factor R for the range were
determined in the manner previously described.

The rms deviation for K was determined by the
relationship:

Vl 2 1/2
r- (K- Ki) (5.3)

The percent deviation was determined by the relationship:

- 2r xloo (1.) (5.4)

Using a factor of 2 in the numerator of (5.4) gives a con-
fidence level of 95.5 percent. The results of dynamic
calibration are also presented in Table 2.

5.3 Experimental Results

The experiments were planned so as to give adequate
coverage or density of data in the most interesting ranges
of explosion delay time and scaled distance. For two-
explosion experiments, we used equal 1-lb charges, and
2/3- and 4/3-lb charges (to give charge weight ratios of
1/2 and 2). For three-explosion experiments, we used

I
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equal 2/3-lb charges. A total of 20 tests of this kind
were carried out. In addition, a reference shot utilizing
a single 2-lb sphere of C-4 was fired.

The positioning of gages by type was the same on
both blast lines. Table 3 summarizes the nominal pressure
levels and distances at which gages were located in each
blast line. These distances were selected on the basis
of the nominal peak pressures shown in 4e table for a
ground surface explosion of 2 lb of TNT14. The explosive
C-4 is about 25 percent more energetic per unit weight
than TNT, since its heat of detonation is 1.37 kcal/g
compared with 1.10 kcal/g for TNT1 3 . The scaled dis-
tances shown in the table referenced to TNT, are based on
2 lb total charge of C-4 in each experiment, which is
equivalent to 2.50 lb of TNT. The actual peak pressures
observed at the gage stations in the reference test with
a 2-lb sphere of C-4 were correspondingly somewhat higher
than the nominal peak pressures on the basis of which the
gage positions were originally selected (Figure 30).

Table 3

Pressure Gage Positions

Scale **
Nominal Distan
Pressure* Distance Gage (ft/ ib3)

(psi) (ft) Type TNT

20 8.8 KIC 603A 6.5

10 12.2 KIC 603A 9.0

5 18.4 KIC 601H 13.6

2.5 28.4 PRP 752A 20.9

1.2 50.4 PRP 752A 37.1

1 57.0 PRP 752A 42.0

From 2 lb of TNT at distances shown.
**Based on TNT equivalent of 2 lb total charge of

C-4 in each experiment.
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Sequential explosion experiments were conducted
at time delays ranging from 0.8 to 5.7 msec at intervals
of 0.7 msec. The actual delay, observed in each experimen
on the ionization probes, was always within 0.1 msec of th
programmed delay. The nominal delays at which the shots
were fired are given in Table 4.

A typical set of pressure-time records from suc-
cessive gages in the line transverse to the line of centers
of the charges is shown in Figure 31. These records are
taken from Test 16. Coalescence of the waves from the two
explosions is clearly evident.

Time separations and peak pressures from all the
experiments are plotted in the figures on succeeding pages.
Time and distances are scaled by the TNT equivalent of the
total amount of explosive present. Therefore the results
are applicable to any explosive weight in the types of
situations tested. In the following paragraphs we give
general conclusions and inferences drawn from the experi-
mental results.

5.3.1 Equal-Charge Experiments

Eight experiments were conducted with two 1-lb
charges of C-4 in each test. A photograph of the experi-
mental setup with two charges is shown in Figure 32. On
each figure showing peak pressure data points plotted
against scaled distance, the reference curve of Figure 30
for the total quantity of explosive involved is super-
imposed for comparison. The reference curve corresponding
to half the total quantity is also shown, terminated at
the experimentally determined point of coalescence.

The following principal features were observed
from the records:

The firing sequence of the charges, together
with the presence of the dividing wall, has a
relatively strong effect on coalescence on the
line of gages axial to the line of centers of
the charges. In all tests we fired the charge
farther away from the axial line first. This
enhances coalescence on the axial line relati-ve
to that on the transverse line. Overlaying the
two sets of time separation curves shows that
the effect of firing sequence is roughly equiv-
alent to reducing thmime delay by about 1.8 msec,
or about 1.3 msec/lb'/ based on the TNT equiv-
alent of the total charge present.
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Table4

Programmed Delays by Shot Number

Charge Weight Ratio

Nominal
Delay 1:1 2:1 1:2 1:1:1
(msec)

0.8 12 17

1.5 11 16 24 28

2.2 10 18 22 29

2.9 13 23

3.6 9 19 30

4.3 14 25 31

5.0 15 j
5.7 20

it0

•, I I
iI
i9

I • I

i9
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r

ft/l113  4 psi

Scaled Distance 13.5 ft/Ibl/3

2 psi

Scaled Distance 20.9 ft/lb11 3

1 psi

1 msec

Scaled Distance 37.1 ft/lb 1 /3

* I Figure 31 Pressure Records, Lateral Line, Shot No. 16

Charge Weight Ratio 2:1, Time Delay 1.16 msllbI 3
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A further effect of the firing sequence and the
dividing wall is that the pressure of the leading
shock in the uncoalesced wave on the axial line
lies considerably below the reference curve for
half the quantity of explosive involved. Sim-
ilarly, the coalesced wave at the close-in
stations lies somewhat below the reference curve
for the total quantity; the peak pressure in the
coalesced wave on the axial line tends to recover,
however, and indeed decays somewhat more slowly
than the reference curve for the total quantity
at more distant stations.

0 The trailing blast pulse in the uncoalesced wave
is quite peaked at close-in stations, the pres-
sure being comparable to the reference curve for
the total explosive quantity well before coales-
cence occurs. This effect is illustrated in the
data shown for the lateral gage line in Figure 41.

0 For long delay times when coalescence does not
occur, the pressure of the trailing shock may
fall below even the reference curve for half the
total quantity. The reason for this is that for
a sufficiently long time delay the trailing pulse
travels in the negative pressure region of the
tail of the leading wave, and in fact the pulse
separation tends to increase as the double wave
propagates.

0 In all cases when coalescence occurs the re-
sultant shock pressure is essentially that from
a single explosion of the total quantity of
explosive involved.

In the lateral direction, there is substantially
no tendency for the shocks to coalesce for Me
delays larger than 4.3 msec, or 3.2 msec/ lb
based on the TNT equivalent of the total charge
in the event. The tendency to coalesce was ob-
served on the axial line in all experiments.
However, since the effect of firing sequence
on the axial line is equivalent q reducing the
scaled time delay by 1.3 msec/lbM-/, it can be
inferred that there will be no tendency for the
shocks to coalesce in the axial direion if the
scaled time delay exceeds 4.5 ft/lbl/3.

73



5.3.2 Unequal-Charge Experiments

Eight experiments were conducted with two unequal
charges totaling 2 lb of C-4 charge weight. In four of
these, the 4/3-lb charge was fired first, and in the other
four the 2/3-lb charge was fired first. In each case the
charge fired first was in the location farther from the axial
line of blast gages. The reference curve for the total explo-
sive quantity is given in all figures showing pressure data,
and the reference curve corresponding to the weight of the
first charge is shown up to the point of coalescence.

The general conclusions reached regarding the
results of the equal-charge experiments also apply to the
unequal-charge experiments. In addition, we find that

0 Coalescence occurs more readily when the suc-
cessive charges are in the ratio of 1:2, and
less readily for the ratio 2:1, than with equal
charges.

0 There is no tendency for the shocks to coalesce
on the lateral blast line when the scaled time
delay is greater than about 2.6 msec/lbI/ 3 for
charge weights in the ratio 2:1, and greater
than about 3.7 msec/lbl /3 for charge weights
in the ratio 1:2. As in the case of equal
charges, the enhancement of coalescence in the
axial direction relative to the lateral direc-
tion is equivalent to a relq tion of the time
delay by about 1.3 msec/lb•'•

5.3.3 Three-Charge Experiments

Four experiments were conducted with three equal
2/3-lb C-4 charges, the time delays between successive
charges being equal. A photograph of the experimental
setup with three charges is shown in Figure 33. The charge
farthest from the axial blast gage line was fired first,
the middle charge second, and the nearest charge last.

The reference curve for the total explosive quantity
is given in all figures showing pressure data, together with
the reference curves for 1/3 and 2/3 of the total quantity
where applicable up to coalescence. In general, we found
from this brief series that

0 The third pulse tends to overtake the second
before the second overtakes the first.
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• •After coalescence of all three pulses occurs,
the pressures are essentially the same as those
from a single charge of the total quantity of
explosive in the event.

5.4 Comparisons

A large-scale test was conducted in April 1968
P. at the Naval Weapons Center 3 with two 5000-lb charges det-

onated with a nominal delay of 20 msec between explosions.
An analysis of the published data shows that the two shocks
coalesced at approximately 230 ft from the site of the
explosions. Peh scaled time •17ay in this test is
20/(10,000)1 0.93 msec/lbxI- based on the total TNT
charge weight in the event, and the scaled coalescence
distance is 230/(l0,o00)l/3 = 1i ft/lbl/ 3 . We found in
our experiments with two equal charges that for time delays
of 0.6 and 1.1 msec/lb1 3 the ;•spective coalescence dis-
tances are 7.3 and 13.0 ft/ibl/b along the (lateral) gage
line analogous to that in the NWC test (Line A) on which
the coalescence data were Vnorted . Thus for a scaled
time delay of 0.93 msec/ib4 ' 3 our t results predict a
coalescence point at about 11 ft/lbf, in full agreement
with the NWC test result. Moreover, our pressure data are
in good overall agreement with the findings of the NWC test.

In a snries of small-scale tests with two 1/4-lb
charges, Kaplan reported the result of an experim N• in
which the time delay was 2.73 msec, or 3.2 msec/lb'/b if
we assume that the total charge weight in his experiment
was 1/2 lb of C-4 or a similar energetic explosive. A
pressure record from this test shows two pulses separated
by a time interval apparently about equal to the explosion
time delay. One of our equal-charge experiments was fired
at approximately the same scaled time delay. At this time
delay we found no appreciable tendency for the shocks to
coalesce; this agree5 qualitatively with the reported
result. Other testsL with two 1 4 5-1b charges involved
time delays well below 1 msec/lb l3; single pulses were
observed at gage stations from 16 to 37 ft/lbl/ 3 . In our
tests with short time delays we found coalesced waves at
all but the closest gage stations, in agreement with the
reported observations.
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l
6. CONCLUSIONS AND RECOMMENDATIONS

Scale model experiments and analysis of air blast from
sequential explosions yield a fairly complete understanding
of blast pulse coalescence phenomena, and provide a basis for
supplementing current regulations governing the siting ofexplosive storage and processing facilities.

6.1 Conclusions I
The results we have obtained agree quite well with

data from similar studies with widely different explosive I
weights (ranging from 1/4 to 5000 times the quantity of explo-
sive in our experiments). Thus blast coalescence phenomena
can be investigated quite adequately with scale model experi- I
ments.

When coalescence of successive blasts occurs, the I
resulting shock pressure is substantially the same as that
from simultaneous explosion of the total weight of explosive
in t'ie event.

• There is no tendency for the pulse from a second
explosion to overtake the first when the scaled time delay is I
greater than

3for a charge weight ratio of 1:1
2/6 msec3lb for a charge weight ratio of 2:1
3.7 msec/lbI/3 for a charge weight ratio of 1:2

where the time delay is referenced to the total weight of
explosive in the event.

c There is a considerable directional effect in evi- -
dence when the line of observation is axial to the line of
centers of the charges. The enhancement of coalescence,
relative to positions lateral to the line of centers, is I
equivalent to t,5eduction of the scaled explosion time delay
by 1.3 msec/lbL/J. I

0 When three successive explosions take place separated
by two equal time intervals, the third shock tends to overtake
the second well before the second overtakes the first. Thus
this type of event may be treated (conservatively) as a two-
explosion event with a charge weight ratio of 1:2.

I
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6.2 Recommendations

0 Existing explosive storage and facilities design
regulations are unconservative with regard to the treatment
of sequential explosions. In siting adjacent structures,
the design basis accident should be taken as the total explo-
sive weight in adjacent bays, unless it can be assured that
propagation between the •q (equal) stores will be delayed
by more than 3.2 msec/l/ for lateral target positions, or
by more than 4.5 msec/ibI/ 3 for axial target positions. For
scaled time delays greater than these, the shocks from two
successively detonated charges of equal weight will not
coalesce in the lateral and axial directions, respectively,
at any distance of importance in the siting of adjacent struc-
tures (i.e., to 80 ft/lbl/ 3 ). For example, the shock waves
from two successively detonated 5000-lb charges will not
coalesce in the lateral direction provided thy,5ime delay be-
tween explosions is greater than 3.2"(10,000) /o = 69 msec.
For unequal explosive stores, these time delay criteria may
be strengthened or relaxed in accordance with the rules given
in Section 6.1.

0 The directional effect we have found at observation
stations axial to the line of centers of the charges should
be determined as a function of orientation of the observation
line relative to the line of centers. If the effect decreases
rapidly away from the axial direction, the time delay criteria
recommended above may be unnecessarily stringent.

0 The effect of initial charge spacing should be studied
to determine whether there is any significant influence on
coalescence criteria for realistic initial separation distances.
No simple analytical model appears to exist which adequately
represents widely separateý explosions; this problem should be
approached by means of model tests.

0 The computer code developed in this work should be
optimized with regard to computation time and flexibility, to
provide a standard analytical tool for general use by explo-
sion hazards analysts and facilities designers. In particular,
it may be possible to devise a hybrid numerical method com-
bining the desirable features of the natural-grid and fixed-
time characteristic methods to improve stability, accuracy,
and computation time.
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Appendix

COMPUTER CODE LISTINGS

Program BLOWUP computes air blast fields from two or
three sequential explosions. It is written in FORTRAN IV
user-oriented source language and has been executed on a
CDC 6600, a large scientific computer. The program is based
on a uniform gas bubble model of the explosion-product sphere
and a constant-time numerical scheme for computing the shock
propagation using the method of characteristics.

Computations are made at the shock wave discontinuities,
at the bubble boundary, and at numerous interior points be
tween these discontinuities in the air. The interior points
are of three basic types: ordinary interior points, points
adjacent to the shock waves, and points engulfed by the shock
waves. The program consists of a main program and eleven
subroutines corresponding to the type of point or discontinuity.

Program Elements

Main Program - program logic to direct the flow of con-
trol; initializations, scaling, and miscellaneous
computations; input/output activity.

ITS - solution for initial time step
ISP - solution for initial interior shock
CSD - coalescence of shock discontinuities;

impedance mismatch
BSD - solution at bubble boundary
OIP - solution at an ordinary interior point
SFD - solution at leading shock
SFA - solution at point adjacent to leading shock
NEP - solution at shock engulfed new point
SWD - solution at interior shock
SWA - solution at point adjacent to interior shock
IEP - solution at shock engulfed interior point

STnput Data

FORMAT (315, 5F6.3, 2E8.1)
Columns Variable Description

1-5 NTS number of timne steps
6-10 NOUT number of time steps per full output

11-15 NREZON maximum number of interior points
16-21 WI first charge (lb pentolite)
22-27 W2 second charge (lb pentolite)
28-33 W3 third charge (lb pentolite)j 34-39 TSE time of second explosion (msec)
40-46 TTE i of third explosion (msec)
47-54 RMAX maximum shock radius (ft)

S55-62 DT initial time step
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The number of time steps computed is limited by both NTS and
RMAX. The rezoning of the interior points is controlled by I
NREZON. Two modes of output are provided for in the program.
The full output gives values of all variables as functions
of radius, and is generated every NOUT time steps. An abbre-
viated output is otherwise generated which describes the
bubble and the interior and leading shock waves only.

A portion of the abbreviated output for two 2-lb spheres
of pentolite, detonated in free air 2.2 msec apart, appears
at the end of the program listing given on succeeding pages.
By symmetry, the results are the same as for two 1-lb hemi-
spheres of pentolite detonated on a rigid ground surface.
The output times and distances are scaled by the TNT equiv-
alent of the total charge weight (2.55 lb) in the surface
explosion problem represented in this way. I
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